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ABSTRACT 

Oxo-bridged  manganese  polynuclear  complexes  have  applications  in  a variety  of 
technologies,  such  as  single-molecule  nanomagnets,  catalysis  and  photosynthetic  redox 
chemistry.  The  reason  that  these  types  of  compounds  are  capable  of  such  important  and  varied 
technologies  is  thought  to  be  because  they  possess  ground  states  with  large  spin  values. 
However,  the  electronic,  structural  and  magnetochemical  relationships  are  not  well  understood 
and  need  to  be  thoroughly  investigated  to  adequately  explain  why  Mn  is  such  an  integral  part  of 
so  many  useful  processes.  X-ray  photoemission  spectroscopy  was  used  to  study  the  Mn  3p,  3s 
and  valence  band  electronic  behavior  as  a function  of  Mn  cluster  structural  properties,  where  the 
cluster  size  and  nuclearity  are  systematically  varied.  Results  show  a chemical  shift  of  the  Mn 
3p3/2,i/2  spin-orbit  pair  related  to  the  cluster  size  and  nuclearity.  Also,  the  Mn  3s  7S  and  5S  final 
state  multiplet  components  shift  since  it  involves  the  binding  energy  of  a ligand  valence  electron. 
In  addition,  the  branching  ratio  of  the  7S:5S  states  is  related  to  the  3s-3d  electron  correlation. 
Specifically,  in  the  7S  state,  the  remaining  3s  electron  is  well  correlated  with  3d  electrons  of 
parallel  spin,  while  in  the  5S  state  the  two  spins  are  antiparallel.  Changes  in  this  electron 
correlation  are  clearly  observed  in  the  7S:5S  branching  ratio  as  a function  of  cluster  size  and 
ligand  electronegativity. 


INTRODUCTION 

Oxo-bridged  manganese  polynuclear  complexes  have  proved  useftil  in  the  development 
of  single- molecule  nanomagnets.  [1,2]  These  molecules  have  a large  ground  state  spin  S and  a 
large  magnetic  hysteresis  comparable  to  that  observed  in  hard  magnets.  This  provides  the 
possibility  of  molecular  bistability,  opening  tire  way  to  store  information  at  the  molecular  level. 

Spin  state  effects  can  be  examined  by  x-ray  photoemission  spectroscopy  of  outer  core- 
level multiplet  structures.  Previous  photoemission  studies  on  transition  metal  compounds  reveal 
core- level  multiplet  structures  that  are  best  understood  in  terms  of  configuration- interaction  (Cl) 
calculations  including  intrashell  electron  correlation,  charge-transfer  and  final-state  screening.[3- 
5]  In  addition,  these  multiplet  structures  are  also  strongly  influenced  by  covalency  and  ligand 
coordination.^, 7] 

The  neutral  Mn  atom  has  a ls22s22p63s23p63d6  configuration  and  a high-spin  [3d54s2] 
configuration.  In  solids  the  (empty)  4s  band  lies  2 to  4 eV  above  the  top  of  the  3dN  band, 
depending  on  the  ion.  Photoelectron  transitions  are  allowed  between  the  initial  state 
2pf’3s23pfl3dN  (N  = 3,4,5  for  Mn  4,  Mn3,  Mn42,  respectively)  and  a series  of  final  states  (2p53dN  + 
')• 

It  has  been  shown  that  for  Mn  dihalides,  the  outer  Mn  3s  core-level  final  state 
configuration  can  be  either  3s3d5  or  3s3d6L  depending  on  final  state  screening  effects  due  to  the 
ligand  (3s  and  L indicate  that  there  is  one  electron  missing  in  the  Mn  3s  and  the  ligand  valence 
state,  respectively).  Also,  the  3s  final  state  has  7S  and  symmetry,  e.g.  the  Mn2+  initial  state 
(3s23p63d5)6S  has  two  possible  final  states,  (3s[3p63d5)7S  or  (3s’3p63d5)5S.  In  the  7S  state,  the 
remaining  3s  electron  is  well  correlated  with  3d  electrons  of  parallel  spin,  while  in  the  5 S state 
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the  two  spins  are  antiparallel.  This  electron  correlation  reduces  the  branching  ratio  of  the  7S:5S 
states.  In  addition,  as  the  ligand  electroncgptivity  decreases,  charge-transfer  satellites  become 
important  and  the  spin  state  purity  is  lost  in  the  3s  spectra.  The  spectra  become  representative  of 
mixed  unscreened  (3dN)  and  locally  screened  (3dNl  1 ) final  states.  Thus,  we  see  that  the  3s  core- 
level is  polarized  by  the  3d5  shell. 

This  paper  presents  the  results  of  a systematic  study  of  the  3s  and  3p  core-level 
photoemission,  and  satellite  structures  for  Mn  oxo-bridged  compounds.  Outer  core-level 
multiplet  splitting  was  characterized  as  a function  of  Mn  cluster  size,  nuclearity  and  ligand  type. 
Interpretation  of  the  3p  and  3s  spectra  is  consistent  with  the  configuration-interaction  (Cl)  model 
including  intrashell  electron  correlation,  chaigc-transfer  and  final-state  screening. 


EXPERIMENTAL 

The  manganese  polynuclear  complexes  arc  characterized  as  having  trapped-valence 
oxidation-state  Mn  cores  bridged  to  various  ligands.  The  Mn  cores  analyzed  are  Mn1+,  [Mn.iO]6\ 
[Mn40j]7+,  [Mri402]s+,  and  [Mni20|2]l,l+.  The  ligands  arc  dibcnzoylmcthane  (dbm).  2- 
hydroxymethyl  pyridine  (hmp),  picolinic  acid  (pic),  pyridine  (py),  and  2-hydroxy-2,4,6- 
cycloheptatrienone  (tropolone  or  TROP).  Note  that  the  ligands  dbm,  hmp  and  pic  usually  bind  as 
anions  while  pyridine  usually  forms  a neutral  complex.  The  cation  tctra-n-butylammonium 
(TBA)  is  used  as  a counter  ion.  These  structures  have  high  ground  state  spins  as  determined  by 
oxidation  state  and  topology  of  the  polynuclear  transition  metal  core.[8- 1 0] 

ESCA  experiments  were  performed  on  a Physical  Electronics  5400  ESCA  system  using 
Mg  Ka  radiation  (1253.6  eV)  and  a hemispherical  analyzer  pass  energy  of  17.90  eV  giving  an 
overall  energy  resolution  of  1.1  eV.  All  binding  energies  are  referenced  to  the  Fenni  level  of  the 
analytical  instrument  as  calibrated  to  the  Au  4f  peaks.  Binding  energies  were  further  referenced 
to  the  C Is  photoelcctron  line  arising  front  adventitious  carbon  at  2R4.6  eV  to  account  for 
charging  effects. 


RESULTS  AND  DISCUSSION 

Figure  1 shows  the  Mn  3s  and  3p  spectral  regions  for  the  manganese  polynuclear 
complexes.  As  previously  stated,  the  excitation  energy  was  1253.6  eV,  and  thus  the  positions  and 
relative  intensities  of  the  Mn  3s  and  Mn  3p  multiplcts  can  be  considered  to  be  in  the  sudden  limit 
approximation  [1,2]  with  little  coupling  between  the  ion  and  the  photoelectron.  The  figure  shows 
a chemical  shift  of  the  Mn  3p.v2.in  spin-orbit  pair  associated  with  the  trappcd-valence  oxidation 
states.  The  unresolved  3p  peaks  are  somewhat  broadened,  bul  a direct  correspondence  can  be 
made  between  observed  features  in  these  spectra  and  those  in  the  literature.[3]  Specifically,  tine 
main  3p  line  represents  the  7P  ionic  final  state  and  the  higher  binding  energy  shoulder  represents 
the  spin-orbit  component  5P(1).  Final  state  screening  effects  in  the  core  level  spectra  depends 
strongly  on  the  electronegativity  of  the  anions  (dbm\  hmp',  and  pic')  and  will  affect  the  final 
state  branching  ratio.  Specifically,  note  the  variation  of  the  quintct:septet  (7P:5P)  final  state 
brandling  ratio  as  the  Mn  core  size  increases  and  becomes  a [Mn^Oi;]16'  Mn  Mnll,Mn,v 
trapped-  valence  oxidation- state.  In  addition,  the  covalency  of  the  larger  complexes  increases 
manifesting  itself  as  a drastically  reduced  3p  branching  ratio. 
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Figure  1.  High- resolution  XPS  spectra  of  Mn  3p  and  3s  core  levels  for  the  Mn  polynuclear 
complexes. 
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The  binding  energy  positions  for  the  Mn  3s  7S  and  5S  multiplet  components  arc 
summarized  in  Table  I.  Note  that  the  Mn  3s  multiplet  splitting  (IMn  3s)  becomes  smaller  as  the 
Mn  trapped-valence  oxidation  state  increases,  consistent  with  published  data. [3- 5]  Also  note  that 
the  7S  and  5S  multiplet  components  shift  accordingly  since  they  are  correlated  with  charge 
transfer  between  the  Mn  J-statcs  and  ligand  p-states.  In  addition,  note  that  the  FWHM  of  the  5S 
multiplet  component  is  affected  by  ligand  chemistry  consequently  affecting  the  Mn  3s  branching 
ratio.  Specifically,  as  the  ligand  electronegativity  decreases,  charge-transfer  from  the  ligand  p- 
state  to  the  Mn  d- state  causes  the  spin  state  purity  to  be  lost  in  the  3s  spectra.  Thus,  the  branching 
ratio  corresponding  to  S - 1/2  and  S + 1/2  final  states  that  principally  reside  on  tire  p orbitals  of 
the  [ligand]-  and  the  d orbitals  of  the  [MnO]+  core,  decreases.  Note  that  the  branching  ratios  for 
complexes  with  the  dbm  ligand  are  larger  since  the  5S  component  is  diminished  indicating  that 
the  s and  d electrons  spins  arc  mostly  parallel. 


Tabic  I.  Summary  of  the  Mn  3p  and  3s  Photoelcctron  Results  for  Manganese  Polynuclear 
Complexes. 
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a)  Full  width  half- maximum  of  Mn  3s  peaks  in  eV. 

b)  The  branching  ratio  of  the  Mn  3s  peaks  are  based  the  area  ratio  of  the  7S:5S  states. 


Figure  2 graphically  summarizes  the  Mn  cluster  oxidation  state  versus  Mn  3s  multiplet 
splitting  for  the  Mn  polynuclear  complexes.  The  multiplet  splitting  for  these  ligands  is  an 
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indication  of  the  3s  polarization  by  the  3d  final  states.  Also,  polarization  of  the  ligand  can 
delocalize  mobile  n electrons  and  thus  affect  multiplet  splitting. 
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Figure  2.  Mn  cluster  oxidation  state  versus  Mn  3s  multiplet  splitting  for  the  Mn  polynuclear 
complexes. 


CONCLUSIONS 

We  have  presented  the  results  of  a systematic  study  of  the  3s  and  3p  outer  core-level 
multiplet  splitting  as  a function  of  Mn  cluster  size,  nuclearity  and  ligand  type.  Results  show  that 
the  Mn  3p  final  state  branching  ratio  changes  as  the  Mn  core  size  and  trapped-valence  oxidation- 
state  increases.  In  addition,  as  the  covalency  of  the  larger  complexes  increases  the  3p  branching 
ratio  is  reduced.  Results  also  show  that  the  Mn  3s  multiplet  splitting  became  smaller  as  the  Mn 
trapped-valence  oxidation  state  increased.  The  observed  multiplet  splitting  provides  further 
understanding  of  these  single-molecule  nanomagnet  materials. 
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